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A B S T R A C T

Detection of phenolic compounds in water resources has a great importance since their monitoring is obligatory 
for the evaluation of water quality, and they are major contaminants in water. Phenol and high concentrations of 
phenolic compounds have serious side effects on both aquatic life and human health. Within the scope of this 
study, a novel disposable electrochemical sensor platform was fabricated to monitor of phenol (PNL) and an 
emerging phenolic contaminant, paracetamol (PRL). For this purpose, disposable pencil graphite electrodes 
(PGEs) were modified with hydroxyapatite nanoparticles (HaNP) following a novel method. First, the PGEs were 
chemically activated using NaOH (N-PGEs), and modified with HaNPs (HaNP/N-PGEs) in an acidic media to 
activate positive charges of HaNP. Then, the HaNP-N/PGEs were used for the voltammetric detection of PRL and 
PNL. The effect of the experimental parameters such as pH, scan rate and concentration of PRL or PNL were 
investigated using cyclic voltammetry (CV) technique. Lower LOD values could be obtained by using HaNP/N- 
PGEs in comparison to the N-PGEs due to the fact that enhanced electrochemically active surface area was 
obtained by the modification of HaNP on the PGE surface. Simultaneous detection of PRL and PNL was tested 
using differential pulse voltammetry (DPV) technique. The selectivity of the sensor was also evaluated in the 
presence of inorganic and organic compounds, and PRL and PNL detection was performed in drinking water and 
wastewater samples. The greennness level of the sensor was evaluated using Analytical GREEnness Metric 
Approach and Software (AGREE). This is the first study in the literature in terms of (i) the development of HaNP/ 
N-PGEs, (ii) voltammetric PRL/PNL detection using HaNP/N-PGEs, and (iii) greenness assessment of a PGE-based 
electrochemical sensor. The HaNP/N-PGEs based electrochemical sensor platform represents a novel and green 
prototype towards future hand-held devices for reliable monitoring of phenolic compounds.

1. Introduction

Our world is on the verge of water scarcity crisis. Global population 
has raised day-by-day and we should protect our limited natural re
sources on our one and only home, Earth. Although almost everyone is 
aware of global warming, industrial activities has not stopped, wars 
have been expanding their territories and have become more and more 
severe, global forest fires have suddenly arised due to high temperatures 
and dry air. Unfortunately, most of the population has directly been 
affected from all of these situations, and serious actions should be taken 
for the protection of water sources.

Phenol (PNL) is a major contaminant found in the water resources 

both naturally and as a by-product of industrial activities. PNL and 
phenolic compounds are highly toxic, harmful for environment and 
human health, and most of them are found in water resources [1,2]. 
Therefore, the development of analytical platforms for the monitoring of 
PNL and phenolic compounds is an attractive topic for researchers. 
Paracetamol (PRL) is one of the water-soluble phenolic compound 
widely used as a medication for treatment of fever and headache [3,4]. 
Its uncontrolled use has mostly occurred during the pandemic period 
and has caused water resources to be contaminated with this drug. Its 
high concentrations cause several serious effects including hepotoxicity 
and genotoxicity [5,6]. Unfortunately, it is evaluated as an emerging 
contaminant [6] and the development of sensitive and reliable 
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analytical tools for PRL is essential.
Low detection limits were reported in various studies in the literature 

that were focused on spectroscopic and/or chromatographic monitoring 
of phenolic compounds [7–11]. However, their equipments are not 
suitable for the fabrication of miniaturized prototypes that can analyze 
the target molecules on-line. Electrochemical (bio)sensor technologies 
are one step closer to the miniaturization and to the development of 
commercial devices for field analyses in comparison to conventional 
techniques. Besides, they allow designing sustainable and feasible 
analytical tools with high sensitivity and selectivity [12–15].

Hydroxyapatite is the key component of bones and teeth. Its high 
durability, bioactivity and biocompatibility make it preferable in 
various biomedical applications from bone cement designs [16] to drug 
development [17]. Its nanoparticle form has a remarkable importance in 
the biosensor area for the development of cutting-edge designs towards 
the detection of nucleic acids [18,19], proteins [20–22], glucose 
[23,24], uric acid [25], etc. Hydroxyapatite nanoparticle (HaNP) based 
electrochemical sensor platforms were also reported in the literature for 
the monitoring of phenolic compounds [26–31]. Alam et al. [27]
fabricated reduced graphene oxide/hydroxyapatite (rGO/HAp) nano
composite, and modified glassy carbon electrode (GCE) surface with the 
nanocomposite using a nafion binder for the purpose of detection of 
bisphenol-A. They performed characterization studies of the nano
composite structure using X-ray diffractometry (XRD), high-resolution 
transmission electron microscopy (HR-TEM), Fourier transform 
infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA) and 
Raman spectroscopy. They evaluated the cytotoxicity of the nano
composite by investigation of the proliferation behavior of human 
mesenchymal stem cells. They observed higher bisphenol-A signal using 
rGO/HAp/GCE in comparison to the one obtained by unmodified ones 
which was meant to sensitive and selective monitoring of bisphenol-A 
could be achieved using the developed electrode. They tested the 
applicability of the sensor in real life by analyzing different water 
samples. Although this sensor has various advantages, the main draw
back of the design is the electrode type. GCE should be polished, and it 
requires doing extra pretreatment steps before use that make the said 
design less practical. The total fabrication time of the sensor is minimum 
71 h and require applying heat at high temperatures, using extra 
chemical agents, and following exhaustive experimental steps. Similar 
drawbacks are for the study reported by Anitta and Sekar [28]. They 
developed a GCE-based electrochemical sensor for the monitoring of 
paracetamol and ciprofloxacin using hydroxyapatite sub-microparticles 
(C-HAP). Although they selected a natural source (cuttlefish bone) for 
the synthesis of C-HAP, the synthesis steps are long and require using 
extra agents and applying heat. Besides its drawbacks, C-HAP/GCE 
showed good analytical performance for the detection of paracetamol 
and ciproflaxin individually and simultaneously by using square wave 
technique (SWV).

To the best of our knowledge, there is no report in the literature for 
the development of HaNP modified single-use electrochemical sensor 
platform for the detection of PRL and PNL. Herein, a novel voltammetric 
sensor was designed taking the advantages of HaNP structure and using 
pencil graphite electrodes (PGEs). Enhanced surface area could be ob
tained after HaNP modification of PGE following a novel method. First, 
PGEs were chemically activated by NaOH, then, the modification of 
HaNPs prepared in an acidic media on the PGE surface was performed. 
Sensor parameters as NaOH concentration, activation time, HaNP con
centration and modification time, pH, scan rate and concentration of 
PRL and PNL were meticulously evaluated. Selectivity of the sensor was 
investigated in the presence of inorganic and organic compounds, and 
real sample analysis was performed in drinking water and wastewater. 
Simultaneous detection of PRL and PNL was also evaluated. Finally, the 
greenness level of the sensor was investigated by performing green 
metric analysis. This is the first study in the literature for the fabrication 
of HaNP modified PGEs with the explained method, individual and 
simultaneous analyses of PRL/PNL using the developed sensor, and 

greenness evaluation of a PGE-based electrochemical sensor platform.

2. Materials and methods

2.1. Apparatus

The electrochemical measurements were performed using a poten
tiostat (IVIUM Compactstat.e with IVIUM Release 4.951 software 
package (Holland)) in a three-electrode system consisting of a working 
electrode (pencil graphite electrode (PGE)), a reference electrode (Ag/ 
AgCl/3M KCl (BAS, Model RE-5B, W. Lafayette, USA) and a counter 
electrode (a platinum wire). For the preparation of the working elec
trode, the graphite lead (TOMBOW, HB) that is 6 cm of length was cut 
two equal parts, and each of them were used as a working electrode. 
Then, the graphite lead was placed into a pencil (Rotring, Germany) 
which was wrapped with a metallic wire through its body, and 10 mm of 
each lead was actively used during the activation/modification/mea
surement processes.

2.2. Chemicals

The hydroxyapatite nanoparticle (HaNP) solution (< 200 nm, stock 
concentration is 105 µg/mL), phenol (PNL), paracetamol (PRL) and the 
other chemicals such as and K2HPO4, KH2PO4, and NaCl, K3[Fe(CN)6], 
K4[Fe(CN)6], KCl, glucose, urea, MgSO4, CuSO4 and ZnSO4 were sup
plied from Sigma-Aldrich (Germany). All chemicals were of analytical 
grade. Roundup and Hektafermine that are the commercial product of 
glyphosate and 2,4-dichlorophenoxyacetic acid, respectively were sup
plied from local market. Ibuprofen was donated by Assoc. Prof. Adem 
Şahin.

2.3. Procedure

2.3.1. HaNP/N-PGE fabrication
First, PGEs were chemically activated as in our previous studies using 

NaOH [32,33]. For the optimization of chemical activation conditions, 
NaOH concentration from 0.50 M to 2.00 M and activation time from 30 
min to 120 min were studied. The PGEs activated by 1 M NaOH for 60 
min were used for HaNP modification. Stock solution of HaNP was 
diluted in 1 % acetic acid solution prepared in ultrapure water to acti
vate positively charged groups of HaNPs [34]. The activated PGEs (N- 
PGEs) were immersed into the 40 µL of 10–1500 µg/mL HaNP solution 
for 15 min at + 4◦C for the modification. The effect of modification time 
was studied at 1000 µg/mL HaNP concentration level for 5–30 min. 
After the modification, the electrodes were washed with %1 acetic acid 
solution by immersing them into the solution for 5 s.

2.3.2. PRL/PNL analysis using N-PGEs or HaNP/N-PGEs
A three-electrode system was used for all electrochemical measure

ments. The N-PGEs or HaNP/N-PGEs placed into the pencil were directly 
immersed into the electrochemical cell contained 2 mL of PNL/PRL 
solution for the analysis.

For the investigation of the effects of pH and scan rate, 10 µg/mL 
PRL/PNL solution was used. The PNL/PRL solutions were prepared in 
50 mM phosphate buffer solution containing 20.00 mM NaCl (PBS) at 
pH 3.00–5.00–7.00–11.00 for pH study, and PBS (pH 7.00) was used for 
scan rate study. The effect of PRL/PNL concentrations was studied at 
5–30 µg/mL PRL and 10–30 µg/mL PNL concentration levels using CV 
technique. The effect of interference factors was investigated at 30 µg/ 
mL concentration level. 0.00–5.00 µg/mL PRL/PNL were analyzed by 
DPV technique.

The real sample analysis and simultaneous detection of them were 
also performed by DPV technique. For real sample analysis, drinking 
water was boiled for less than 10 min and cooled at room temperature. 
Then, it was diluted by PBS (pH 7.00) using 1:1 dilution ratio. The 
wastewater obtained from the landfill leachate pool of a solid waste 
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management facility in Çanakkale province (40◦10′29′’N26◦32′37′’E) 
was used by 1:10 dilution with PBS (pH 7.00). PRL/PNL or their mixture 
were added into the water samples, and DPV measurements were 
conducted.

The stability of the N-PGEs and HaNP/N-PGEs were investigated by 
storing them at + 4◦C for 28 days.

2.3.3. Voltammetric measurements
CV measurements were performed for the monitoring of activation/ 

modification of PGEs based on the anodic peak current (Ia) of [K4[Fe 
(CN)6], and for PRL/PNL analysis. For the measurements of Ia value, 
2.00 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) contained in 0.10 M KCl was 
used as the redox probe. The measurements were done at a potential 
range from + 0.45 V to + 1.20 V with the scan rate as 50 mV/s. For the 
analysis of PRL/PNL, the measurements were performed at a potential 
range from − 0.20 V to + 1.10 V with the scan rate as 50 mV/s. Scan rates 
ranging from 25 mV/s to 200 mV/s were applied to evaluate the effect of 
scan rate for PRL/PNL redox reaction process on the HaNP/N-PGE 
surface.

DPV measurements were done at a potential range from + 0.20 to +
0.80 V with the scan rate as 50 mV/s to monitor PRL/PNL at low con
centrations and to analyze them in real samples.

2.3.4. AGREE analysis
The developed sensor system was evaluated in terms of its greenness 

level using Analytical GREEnness Metric Approach and Software 
(AGREE) [35]. In this approach, the 12 principles of green analytical 
chemistry (SIGNIFICANCE) are evaluated in 0–1 scale. This clock-like 
pictogram comprises of segments and red-yellow-green color scale 
that reflects each principle. The width of each segment depends on the 
weight of each principle, and the color of segments indicates the 
greenness level. Dark green represents the highest greenness while red 
indicates the lowest greenness.

3. Results and discussion

3.1. Development of HaNP/N-PGEs

In the first part of study, the results regarding the development of 
HaNP modified single-use electrochemical sensor platform were pre
sented. First, the microscopic characterization of the HaNP modification 
was performed using SEM technique. The SEM images of PGEs, N-PGEs 
and HaNP/N-PGES are presented in Fig. 1. The graphite layers of the 
PGEs were clearly seen in Fig. 1A at each magnitude. The form of the 
layered surface changed after chemical activation as given in Fig. 1B, 
and the HaNP modification on the N-PGE surface was achieved as pre
sented in Fig. 1C. The EDX results of C, O, Ca and P atoms supported the 
SEM images obtained each activation/modification step (Table S1, 
Fig. S1). The wt% and at% values of the O atom increased while the 
same values of Ca atom decreased after chemical activation which 
indicated the activation of –OH groups at the PGE surface was achieved. 
The wt% and at% values of the Ca and P atom sharply increased after 
HaNP modification of N-PGEs which was the expected result due to the 
introduction of Ca and P atoms of HaNP structure to the PGE surface.

The studies continued with the optimization of experimental condi
tions regarding the development of HaNP/N-PGEs. The effects of NaOH 
concentration and activation time were firstly investigated (Fig. S2 and 
S3). The changes % at the average Ia values obtained in the presence of 
2.00 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) contained in 0.10 M KCl were 
presented, and the Ia value decreased after NaOH activation which was 
the similar result given in the previous report [33]. The carboxyl groups 
could be activated after the chemical activation, and the PGE surface 
became negatively charged. There were repulsive interactions between 
carboxylated PGE surface and the negatively charged redox probe which 
caused the observation of a decrease trend at the average Ia value. The 
decrease ratio% increase while NaOH concentration increased. There 
were 26.03 % and 33.70 % decrease at the average Ia value (Fig. S2-c 

Fig. 1. SEM images of PGE (A), N-PGE (B), and HaNP/N-PGE (C). The resolutions were selected as 2000x (a), 5000x (b) and 10000x (c), and the acceleration voltage 
was 5.0 kV. The experimental conditions are: NaOH concentration: 1 M, NaOH activation time: 1 h, HaNP concentration: 1000 µg/mL, HaNP modification 
time: 15 min. All measurements were done at Bilecik Seyh Edebali University Central Research Laboratory Application and Research Center.
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and d, respectively) with the relative standard deviation % (RSD%) 
values 12.82 % and 18.35 % after the activation in the presence of 1.00 
and 2.00 M NaOH, respectively. Since the reproducibility decreased 
while NaOH concentration increased, high concentration of NaOH did 
not studied, and the effect of the activation time was investigated using 1 
and 2 M NaOH during 30–120 min (Fig. S3). The most reproducible 
average Ia value was obtained with 1 M NaOH activation during 60 min 
(Fig. S3-c) with the highest decrease% as 26.03% (RSD%= 12.82%, n =
3). 1.00 M NaOH concentration and 60 min activation time were 
selected as the optimum conditions for the chemical activation of the 
PGEs.

In the next step of the study, the effect of HaNP concentration upon 
the electrochemical sensor response was investigated (Fig. S4). For this 
purpose, N-PGEs were modified with 10–1500 µg/mL HaNP for 15 min. 
The average Ia value of N-PGEs was measured as 97.04 ± 8.52 µA (RSD 
%=8.78%, n = 3). The accumulation of positive charges on the HaNP 
structure occurred below pH 7.00 which its point of zero charge (PZC) 
value [34]. The PGE surface became positively charged after HaNP 
modification, and the repulsive interactions between electrode/elec
trolyte surface decreased that resulted in the increase at the average Ia 
value (Fig. S4A, a to b). The highest increase could be obtained in the 
presence of 1000 µg/mL HaNP. The average Ia value was found to be 
120.18 ± 4.78 µA (RSD%= 3.98%, n = 3) using 1000 µg/mL HaNP/N- 
PGEs, and the increase ratio at the average Ia value was calculated as 
23.84% (Fig. S4-B, a to e). The modification time was also optimized 
(Fig. S5) based on the increase at the average Ia values, and the highest 
increase (23.84%) and most reproducible result (RSD%= 3.98%, n = 3) 
could be obtained after 15 min modification (Fig. S5-A,B, a to c). The 
same increase was observed at the anodic charge value (Qa). The 
average Qa value of N-PGE was 6.22 ± 0.47 x10-4C (RSD%= 7.63%, n =
3). After 1000 µg/mL HaNP modification for 15 min, this value 
increased and found to be 7.10 ± 0.40 x10-4C (RSD%= 5.61%, n = 3). 
The behaviour of the Qa value after HaNP modification on the N-PGE 
surface was in parallel with the behaviour of average Ia value. Therefore, 
15 min modification time was chosen as optimum.

The effective surface area (Aeff) values of the PGE, N-PGE and 1000 
μg/mL HaNP modified N-PGE were calculated using Randles and Sevcik 
Equation (Eq. 1) [36]. n, D and C values are the transferred electron 
number, the diffusion coefficient of K4[Fe(CN)6] as 7.6 × 10-6 cm2 /s, 
and the concentration of K4[Fe(CN)6], respectively. 

ip = 2.6910− 5n3/2Aeff D1/2Cv1/2 

The Aeff values of PGE, N-PGE and HaNP/N-PGE were found to be 0,345 
cm2, 0.262 cm2 and 0.362 cm2, respectively. These results indicated that 
HaNP modification provided enhanced effective surface area for the 
electrochemical analysis of PNL and PRL.

Repeatability of the developed HaNP/N-PGEs was studied (Figs. S6). 
Almost there were no differences at the average Ia values of the HaNP/N- 
PGEs in five different groups (n = 3). Stability of the HaNP-N/PGEs 
(Fig. S7-A) and N-PGEs (Fig. S7-B) was also investigated in this part of 
the study. HaNP-N/PGEs had stabile behavior during 28 day. However, 
there was instability at the response of N-PGEs (Fig. S7-B). These results 
indicate that stable and repeatable electrochemical sensor surface could 
be developed using HaNP-N/PGEs.

3.2. Voltammetric PRL detection using HaNP/N-PGEs

In the second part of the study, voltammetric PRL detection using 
HaNP-N/PGEs was studied. First, the effect of pH was investigated 
(Fig. S8). For this purpose, CV measurements were carried out in the 
presence of 10 µg/mL PRL at different pH values between 3.00 and 
11.00. There were well-defined an oxidation (IPRLox) and a reduction 
signal (IPRLred) in the presence of 10 µg/mL PRL at each pH level. The 
peak potentials of IPRLox and IPRLred (EPRLox and EPRLred, respectively) 
shifted through more negative potential while pH value increased which 

was an evidence for the protonation of PRL molecules [37]. The slope of 
the pH versus EPRLox graph was found to be − 52.833 mV/pH that was 
close to 59 mV/pH defined as Nerstian theoretical value. This result 
indicated that proton transfer occurred during the quasi-reversible 
redox reaction of PRL [37]. The highest and the most reproducible IPR

Lox could be measured at pH 7.00. This pH level was optimum for further 
studies.

The effect of scan rate upon the PRL redox reactions was then 
investigated (Fig. S9). There was a positive shift at the EPRLox while a 
negative shift at the EPRLred was observed from 25 mV/s to 200 mV/s 
(Fig. S9-A). Both IPRLox and IPRLred had linear behavior (Fig. S9-B) with 
the equations as y=0.02x+2.67 (R2 = 0.9931) and y=-0.01x-2.73 (R2 =

0.9875). The plots of the log current vs log scan rate (Fig. S10-A) and 
current vs square root of scan rate (Fig. S10-B) were also investigated. 
Both plots had linear behaviors in terms of both IPRLox and IPRLred values. 
When the slopes of the equations obtained from log current vs log scan 
rate graphs equal to 1, the redox process is surface-controlled. Due to the 
fact that square root of scan rate plots were linear for both IPRLox and 
IPRLred values with the R2 = 0.9938 and 0.9767, respectively, and the 
slopes of the log current vs log scan rate were not equal to 1, it can be 
concluded that the redox reaction of PRL at HaNP/N-PGE surface was a 
typical diffusion-controlled process [38–40].

The HaNP/N-PGEs were used for the investigation of the PRL 
detection at different concentration levels using CV technique (Fig. S11). 
5–30 µg/mL PRL samples were analyzed using HaNP/N-PGEs and the 
IPRLox measured at + 0.440 V increased while the concentration level of 
PRL increased. The limit of detection (LOD) was calculated with the 
equation as y = 0.48x-0.47 (R2 = 0.9963) [41] and found to be 1.72 µg/ 
mL (11.37 µM). The same analysis was conducted using N-PGEs and the 
LOD was found to be 2.22 µg/mL (14.69 µM) with the equation as y =
0.48x-0.45 (R2 = 0.9938) (Fig. S12). These results showed that lower 
LOD value of PRL could be obtained using HaNP/N-PGEs compared to 
the one obtained by N-PGEs.

The selectivity of the developed electrochemical sensor in terms of 
PRL detection was tested in the presence of 30 µg/mL PRL and 30 µg/mL 
interference factors (Figs. S13 and S14). The compounds used in the 
selectivity study were chosen as they are ions that could be found in the 
water and emerging contaminants that could be detected in water 
sources and wastewaters [42–45]. There were negligible control signals 
of the selected interference factors and they were given in Fig. S13. The 
change ratios% at the IPRLox obtained in the present of different inor
ganic and organic compounds were calculated (Fig. S14). In the pres
ence of KCl, MgSO4, CuSO4, urea, roundup, hektafermine, ibuprofen and 
glucose, the average sensor response was changed as 0.60 %, 9.86 %, 
5.16 %, 11.84 %, 2.72 %, 2.59 %, 11.30 %, 13.15 %, and 0.21 %, 
respectively. The interferences did not affect the sensor response 
remarkably, and it was concluded that the HaNP/N-PGE based electro
chemical sensor platform could selectively detect PRL even in the 
presence of different interference factors.

In the next step of this part of the study, voltammetric PRL analysis 
was performed using DPV technique which is more sensitive technique 
compared to CV technique (Fig. 2). 0.25–4.00 µg/mL PRL was analyzed 
by using HaNP/N-PGEs, and a linear calibration graph based on the 
IPRLox signal measured at + 0.375 V could be obtained in the concen
tration range from 1.00 to 4.00 µg/mL with the equation as y = 537.38x- 
41.41 (R2 = 0.9963). The LOD value was found to be 0.19 µg/mL (1.26 
µM) [41]. The same experiment was done in the presence of 1.00–4.00 
µg/mL PRL prepared in drinking water:PBS (pH 7.00) (1:1) and waste
water: PBS (pH 7.00) (1:10) (Fig. S15 and S16, respectively). The LOD 
values were found to be 0.06 µg/mL (0.39 µM) and 0.09 µg/mL (0.59 
µM) [41] for drinking water and wastewater analysis, respectively.

3.3. Voltammetric PNL detection using HaNP/N-PGEs

In the third part of the study, the electrochemical detection of PNL 
using HaNP/N-PGEs was investigated. Similar to the second part, the 
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effect of pH upon the sensor response was studied firstly. As seen in 
Fig. S17, EPNLox was negatively shifted while pH increased from 3 to 11, 
and a linear pH versus EPNLox graph could be obtained with the equation 
as y=-0.05x+1.04 (R2 = 0.9921). The highest PNL signal was monitored 
at pH 7.00, and this pH value was selected as optimum for PNL detec
tion. Then, the effect of scan rate was investigated to evaluate PNL 
oxidation process occurred at the HaNP/N-PGE surface (Fig. S18). 
Although there were one IPNLox and two IPNLred measured at around +
0.680 V, − 0.010 V and + 0.260 V, respectively, the IPNLox and the IPNLred 
measured at − 0.010 V were evaluated due to the fact that the other 
reduction signal seemed to be an overlapped signal of two different 
signals. The signals linearly increased while scan rate increased. Linear 
graphs could be obtained for IPNLox and IPNLred signals with the equations 
as y = 0.054 + 5.35 (R2 = 0.9843), y = -0.005–0.09 (R2 = 0.9817) 
(Fig. S18-B). Moreover, the behaviors of IPRLox and IPRLred signals were 
linear in the square root of scan rate plot (Fig. S19-B-II) with the R2 =

0.9991 and 0.9936, respectively, and the slope of the plots of the log 
current vs log scan rate were smaller than 1 (Fig. S219-B-I). Therefore, it 
can be concluded that the redox reaction of PNL at HaNP/N-PGE surface 
was a diffusion-controlled process [38–40].

The electrochemical detection of PNL using both HaNP/N-PGEs 

(Fig. S20) and N-PGEs (Fig. S21) was performed using CV technique. 
10–30 µg/mL PNL was analyzed, and there was a linear increase at the 
IPNLox while the concentration increased. The LOD values were calcu
lated [41] and found to be 0.64 µg/mL (6.80 µM) and 1.78 µg/mL 
(18.91 µM) with the equations as y = 0.65x + 2.46 (R2 = 0.9993) and y 
= 0.76x-0.08 (R2 = 0.9944) using HaNP/N-PGEs and N-PGEs, respec
tively. Lower LOD value of PNL could be obtained using HaNP/N-PGEs 
with better R2 value compared to the one obtained using N-PGEs. The 
selectivity of the sensor was studied in terms of PNL analysis using CV 
technique (Fig. S22). 30 µg/mL PNL was analyzed in the presence of 30 
µg/mL interference factors. In the presence of KCl, MgSO4, CuSO4, urea, 
roundup, hektafermine, ibuprofen and glucose, the average sensor 
response was changed as 7.10 %, 17.13 %, 3.33 %, 9.60 %, 10.10 %, 
17.43 %, 9.44 %, 7.73 %, and 3.25 %, respectively. Although changes at 
the sensor response were observed in the presence of different analytes, 
the HaNP/N-PGE based voltammetric sensor could still detect PNL 
selectively.

The voltammetric PNL analysis was also studied using DPV tech
nique at 0.50–4.00 µg/mL concentration level (Fig. 3). The IPNLox 
measured at + 0.650 V increased till the concentration increased, and a 
linear calibration graph could be obtained at this concentration range 

Fig. 2. The voltammograms (A) representing the control signal of HaNP/N-PGE in PBS (pH 7.00) (a), the oxidation signals of 1.00 (b), 1.50 (c), 2.00 (d), 2.50 (e), 
3.00 (f), 3.50 (g) and 4.00 (h) µg/mL PRL in PBS (pH 7.00). Histograms (B) representing the IPRLox values of 0.25–4.00 µg/mL PRL (n = 3). Inset: The linear 
calibration graph represented the average IPRLox values of 1.00–4.00 µg/mL PRL (n = 3). All measurements were done by DPV technique. Scan rate: 50 mV/s.
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with the equation as y = 1.16x-0.14 (R2 = 0.9976). The LOD was found 
to be 0.18 µg/mL (1.91 µM) [41]. Figs. S23 and S24 represent the vol
tammetric analysis of PNL in drinking water:PBS (pH 7.00) (1:1) and in 
wastewater:PBS (pH 7.00) samples. The LOD values were also calculated 
[41] and found to be 0.08 µg/mL (0.85 µM) and 0.17 µg/mL (1.80 µM) 
with the equations as y = 405.20x + 38.80 (R2 = 0.9984) and y = 1.01x 
+ 0.14 (R2 = 0.9970) in drinking water and wastewater samples, 
respectively.

3.4. Simultaneous detection of PRL and PNL using HaNP/N-PGEs

In this part, PRL and PNL were analyzed simultaneously using DPV 
technique in order to investigate whether HaNP/N-PGE-based electro
chemical sensor could detect of PRL and PNL (Fig. 4). Well-defined two 
peaks of PRL and PNL could be observed at + 0.375 V (Fig. 4-I) and +
0.650 V (Fig. 4-II), respectively. While one of the analyte concentrations 
was kept constant at 2.00 µg/mL concentration level, the concentration 
of the other one was increased from 1.00 to 5.00 µg/mL. A linear in
crease at PRL (Fig. 4-I) and PNL (Fig. 4-II) signals, and the calibration 
graphs could be obtained (Fig. 4-III and IV). LOD, LOQ and sensitivity 
values were calculated [41] (Table S2), and these values were close to 
the ones obtained in PBS (pH 7.00) while individual detection of the 
analytes was performed. The detection of the analytes was tested in 
wastewater (Fig. S25). Linear increase at the PRL and PNL signals could 
be observed (Fig. S25-A) and LOD, LOQ and sensitivity values were 
calculated (Table S2) based on the linear graphs given in Fig. S25-B and 
C [41]. These results indicated that HaNP/N-PGE-based voltammetric 
sensor could simultaneously detect PRL and PNL.

The LOD values, limit of quantification (LOQ) and sensitivity values 
of PRL and PNL were given in Table S2. Tables S3 and S4 represent 
previous studies for the electrochemical detection of PRL [37,46–54]
and PNL [55–63], respectively. The LOD values obtained in this study 

are comparable with the reported LOD values in previous studies. On the 
other hand, the HaNP/N-PGEs could be developed in just 1 h 15 min 
which is quite lower fabrication time in comparison to the reported 
studies. The nanomaterials or their composite structures have been 
widely applied for the improvement of sensor parameters such as 
sensitivity, selectivity and stability as given in Tables S3 and S4. How
ever, these applications should be carried out without using excessive 
chemicals or any further physical or chemical treatments as much as 
possible. Although most of the sensor given in the tables could reach low 
detection limits, their fabrication processes were exhaustive and 
controversial in terms of greenness. As an example, Shih and coworkers 
synthesized zeolitic imidazolate frameworks and graphene oxide (ZIF- 
GO) derived 3D–2D Zn/N-doped carbon (ZnNC-rGO) nanocomposite, 
and modified at the surface of GCE for the purpose of voltammetric PRL 
detection [48]. They reached a low LOD as 0.077 µM using ZnNC-rGO/ 
GCE. However, total fabrication time of the sensor was approximately 
16 h that required applying heat at high temperature as 500–900 ◦C. In 
another study, Meng et al. [61] developed Fe2O3/MIL-53(Fe)/rGO 
metal–organic framework (MOF) modified GCE for the voltammetric 
detection of PNL. They found the LOD value as 0.10 µM using Fe2O3/ 
MIL-53(Fe)/rGO/GCE and linear sweep voltammetry (LSV) technique. 
Although the LOD was quite lower than other LOD values given in the 
Table S4, the fabrication time of the sensor was long and required 
applying exhaustive and non-environmentally friendly experimental 
steps such as applying heat at high temperature as 400 ◦C, and using 
organic chemicals.

When it comes to the evaluation of the electrochemical sensors in 
terms of development of easy-to-use designs, the type of working elec
trode is extremely important. At this point, single-use electrodes such as 
PGEs and screen printed electrodes (SPE) are one step further than the 
other electrodes such as carbon paste electrodes (CPE) and GCE that 
require non-practical pretreatment steps such as filling, sonication and 
polishing. Moreover, these extra steps require using extra chemical 
agents which make the sensor platform less green and labor-friendly. 
Most of the studies represented in the Tables S3 and S4 were based on 
the use of GCEs and CPEs which makes them more disadvantageous than 
the present study. The development procedure of the HaNP/N-PGEs was 
quite practical and did not require to use any extra chemical agents or to 
apply heat. Furthermore, HaNP/N-PGE-based electrochemical sensor 
has a great potential for field applications since different water samples 
could be analyzed in terms of PRL/PNL detection using HaNP-N/PGEs.

3.5. AGREE analysis of the voltammetric sensor developed based on the 
HaNP/N-PGEs

The AGREE analysis results of each SIGNIFICANCE criteria produced 
by AGREE software were given in Table S5, and the pictogram generated 
by the software was given in Fig. 5. The scores of Criteria 3 and 10 were 
0 since the analysis of PRL and PNL were performed in the laboratory 
and the chemicals are not renewable. Although HaNP can be produced 
by natural sources, it was purchased and its source was not known. 
Therefore, Criteria 10 was determined as 0. Another low score was for 
Criteria 1 due to the fact that real sample analysis requires extra pre
treatment steps as dilution and heating for a short time which brought 
extra steps to the development procedure. Other criteria were quite close 
to 1 which made the sensor platform close to the highest greenness. As 
explained from Pena-Pereira et al. [35], miniaturization allows fabri
cating green systems since sample requirement can be reduced. Metal 
electrodes such as platinum electrode and gold electrode, and carbon 
electrodes such as GCE and CPE are disadvantageous in terms of SIG
NIFICANCE due to the fact that their preparation requires applying extra 
pretreatment steps as explained before. It should be pointed out that 
PGEs-based electrochemical sensor platforms are the prototypes for 
more miniaturized systems and require using low sample volume of 
chemicals. Another important point highlighted by Pena-Pereira et al. 
[35] is to minimize energy and extra chemical agents consuming during 

Fig. 3. The voltammograms (A) representing the oxidation signals of 
0.00–4.00 µg/mL PNL measured by DPV technique. The line graph (B) repre
senting the average oxidation signals of 0.50–4.00 µg/mL PRL (n = 3). Scan 
rate: 50 mV/s.
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the development process. Most of the chromatographic and spectro
scopic techniques are evaluated as less green or non-green in AGREE 
analysis whereas electrochemical analytical techniques are evaluated 
one of the closer group to the greenness. Therefore, the HaNP/N-PGEs 
have numerous superior properties in terms of greenness in compari
son to not only chromatographic or spectroscopic techniques but also 
the sensor platforms given in Table S3 and S4 which required heat 
application at high temperatures for fabrication [46,48–59,61–63].

4. Conclusion

In this study, two major contaminants found in water, PRL and PNL 
were analyzed by using a novel electrochemical sensor platform. Single- 
use PGEs were chemically activated, and modified with HaNPs. The 
HaNP/N-PGEs showed repeatable, stable and selective behavior. 
Simultaneous voltammetric detection of PRL and PNL was also per
formed using HaNP/N-PGEs. Low LOD values of PRL and PNL were 
reached using DPV technique for not only buffer solution but also 
drinking water and wastewater samples, and simultaneous detection. 
High greenness level of the developed voltammetric sensor platform was 
obtained by AGREE software. This study has novelty in terms of (i) 
development of HaNP/N-PGEs, (ii) voltammetric PRL and PNL detection 
using HaNP/N-PGEs, (iii) simultaneous detection of PRL and PNL using 
the HaNP/N-PGEs, and (iv) greenness evaluation of a PGE-based elec
trochemical sensor platform using AGREE software. The developed 
electrochemical sensor platform has a great capacity for designing future 
green hand-held devices that will be able to perform on-line analysis of 
the selected analytes.

CRediT authorship contribution statement

Gulsah Congur: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Supervision, Resources, Project administra
tion, Methodology, Investigation, Funding acquisition, Formal analysis, 
Conceptualization. Elif Efe: Investigation, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing financial 

Fig. 4. Voltammograms of IPRLox (I) and IPNLox (II) obtained in the presence of 2.00 µg/mL PNL: 1.00–5.00 µg/mL PRL (1:1), or 2.00 µg/mL PRL: 1.00–5.00 µg/mL 
PNL (1:1). Control signal of HaNP/N-PGE (a), 1.00 (b), 2.00 (c), 3.00 (d), 4.00 (e), and 5.00 (f) µg/mL PRL or PNL. Line graphs representing the average IPRLox (III) 
and IPNLox (IV) values obtained in the presence of 2.00 µg/mL PNL: 1.00–5.00 µg/mL PRL (1:1), or 2 µg/mL PRL: 1.00–5.00 µg/mL PNL (1:1). Scan rate: 50 mV/s.

Fig. 5. The pictogram of AGREE analysis results of the HaNP/N-PGEs based 
voltammetric electrochemical sensor.

G. Congur and E. Efe                                                                                                                                                                                                                          Microchemical Journal 208 (2025) 112545 

7 



interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

GC, as the team captain of the Hi-SENS team (team ID: 291555), 
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